Sound source location by difference of phase, on a hydrophone array with small dimensions.
Introduction
Until recently, the continuous observation of a large interacting dolphin group and the acoustic communication of an individual could not be carried out satisfactorily. One of the main problems is the assignment of the acoustic signals to the corresponding transmitters. Theoretically, it is possible to calculate the bearing from a sound source by the arrival time difference at different hydrophones.
In a study performed by Watkins in 1972, a ship platform with a four hydrophone array on a buoy system was used. This system needed to be calibrated absolutely. It was shown that the distance between the hydrophones must be about 30 meters to measure biological signals. The signal amplitudes were very strongly varied on all sensors, although identically constructed hydrophones were used. The precision of this system was also very limited (Watkins, 1972) .
The first practicable system was used to investigate and estimate the population of Right Whales. This system measured the phase difference between the signals from a two-dimensional hydrophone array and calculates the bearing to the sound source. This system determined the direction with 12-degree resolution. By repeated determination of the direction from different positions, it was possible to locate the sound source (Clark, 1980 (Clark, , 1986 . However, this system was not accurate enough to investigate the communication of dolphin groups in a small area. A similar system was used to estimate sperm whale populations (Leaper, 1992) . Two hydrophones were used with a separation of 3 m. The sound source location was calculated by using bearings taken at different ship positions. Further experiments used a group of seven circularly positioned and tightly installed hydrophones. It was possible to locate the position of an acoustic source within this circle (Spiesberger, 1990) . However, neither of the methods described above is suitable for the investigation of dolphins that are not widely separated with little spatial distribution.
Experiments in an aquarium and in a fenced ocean bay showed that the cross correlation of an entire whistle is possible (Friday, 1993) . However, the cross correlation supplies exact results only if the signal on all hydrophones is undistorted and similar. Another solution is the use of a device attached to the animals. Small recorders and signaling lamps, which were fixed on the head of the animals, have 25 been successfully used (Tyack, 1985) . The caveat for this method is that it works only with captive and trained dolphins.
In the context of this study, it was possible to develop a disturbance insensitive method that provides a very accurate time delay measurement, which makes it possible to successfully locate the source of a sound. This method, used at the "Dolphins Plus Center", can easily be applied to the conditions in the open ocean. The two groups of hydrophones were attached to the wall of the pool with a separation distance of 15 meters (figure 3.1). The exact distance between all hydrophones was determined acoustically.
Methods
Every acoustic event in the pool produces a wave front, which passes through the hydrophone groups with a distinct time delay, which depends on the bearing. This time delay between the two channels in each group makes it possible to calculate the bearing and the intersection point of the bearings of the sound source, assuming a plane wave front.
The distance between the hydrophones in each group was approximately 15 cm. A sound wave in ocean water needs a maximum of about 100 µs to travel this distance. In the case that the sound source is in line with the hydrophones the time delay will be 100 µs. The opposite case is that the phase difference is zero, meaning that the sound source is in front of the hydrophone group and the waves arrives on both channels in the same moment without a time delay (figure 3.2 a/b). The high sampling rate of the system allows a description of a single cycle wave of 10 kHz in a 100 µs time frame with a resolution of 100 samples.
It is possible to determine the phase difference visually on a computer screen (figure 3.2) if they are less than four zero-crossings in a 100 µs time frame. Therefore, it is possible to analyze frequencies of up to 20 kHz. In relation to the system's sampling rate and the with the use of Pythagoras theorem, it is theoretical possible to determine the angle up to a maximum of 0.6 degree in front of the hydrophones. This precision decreased down to 8 degree on the sides ( figure 3.3) .
The sinusoidal form of the wave makes it impossible to recognize which hydrophone was passed by the wave first. This means, that two possible time delays and therefore two bearings belong to each cycle wave (Fig 2 c/d ).
The position of the sound source lies on the intersection point of the bearings from the two-hydrophone groups (figure 3.1). In some circumstances, it is possible to get more than one intersection point. This depends on the possible second bearing of each hydrophone group. However, it is unlikely that there are dolphins at all intersection points. Therefore, an assignment is possible in most cases. The coordinates of the intersection were compared to the video recordings using the "RaPid" time code. It is not possible to correlate the intersection points directly to the video view. All photo and video sources have a distortion of perspective, depending on the angle of the camera. This distortion must be calculated in every case to obtain more exact positions. There are different methods to do so, having all considerable costs. In this study, an adequately exact formula complex was empirically developed.
The precision of these formulas was tested with a white PVC bar of 3.1 meters. This bar was moved around the pool. Since the length of the bar is constant, the bar must always be represented by the same numbers of pixels in any position.
130 measurements were carried out. The bar was represented by 3.09m ± 0.38m on average. This precision is acceptable and correlates with the quality of the data collected from the video screen. The corrected perspective of the positions of dolphins based on the calibration can be correlated to the exact position of the hydrophones and the corresponding intersection points.
Results and discussion
The The first results from the data analysis found by using the method described in this publication, show clearly that this theoretical principal can be used in practice.
The method was used successfully for the analysis of 50 whistles and 30 broadband impulses, meaning that it was possible to identify a dolphin. A further problem is that there are two time delays and two angles for a single sound wave. This makes it necessary to know which hydrophone was passed by the wave first. Earlier experiments show that it is possible to calculate these with a cross correlation of 10 to 100 wavelengths.
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